An organic material composed of neutral free radicals based on the spirobiphenalenyl system exhibits a room temperature conductivity of 0.3 siemens per centimeter and a high-symmetry crystal structure. It displays the temperature-independent Pauli paramagnetism characteristic of a metal with a magnetic susceptibility that implies a density of states at the Fermi level of 15.5 states per electron volt per mole. Extended Hückel calculations indicate that the solid is a three-dimensional organic metal with a band width of È0.5 electron volts. However, the compound shows activated conductivity (activation energy, 0.054 electron volts) and an optical energy gap of 0.34 electron volts. We argue that these apparently contradictory properties are best resolved in terms of the resonating valence-bond ground state originally suggested by Pauling, but with the modifications introduced by Anderson.
An organic material composed of neutral free radicals based on the spirobiphenalenyl system exhibits a room temperature conductivity of 0.3 siemens per centimeter and a high-symmetry crystal structure. It displays the temperature-independent Pauli paramagnetism characteristic of a metal with a magnetic susceptibility that implies a density of states at the Fermi level of 15.5 states per electron volt per mole. Extended Hückel calculations indicate that the solid is a three-dimensional organic metal with a band width of È0.5 electron volts. However, the compound shows activated conductivity (activation energy, 0.054 electron volts) and an optical energy gap of 0.34 electron volts. We argue that these apparently contradictory properties are best resolved in terms of the resonating valence-bond ground state originally suggested by Pauling, but with the modifications introduced by Anderson.
The familiar properties of inorganic metals, such as the inverse temperature dependence of their conductivity, are well understood in terms of band theory, in which valence electrons populate delocalized states that extend throughout a solid. The localized models of the electronic structure of metals, such as the resonating valence bond (RVB) theory put forward by Pauling (1) , attempted to explain the bonding and conductivity in terms of alternating valence structures, in much the same way that the resonance structures that describe the bonding in molecules such as benzene are an alternative to the molecular orbital description. Although the RVB model was not useful in describing ordinary metals, it was revisited by Anderson, who explored the implications of a state in which valence bonds could move freely between pairs of atoms in a solid (2) . The most characteristic feature of the RVB state is the presence of many resonance structures that lead to high-symmetry structures rather than forming the Peierls distorted structures that are characteristic of charge density wave states. Anderson argued that the state that is described only as a superposition of valence bonds cannot conduct electricity at absolute zero, because there will be an energy gap to any state that has long-range charge fluctuations, according to the standard arguments that apply to the Mott insulator (2); thus, any conductivity would be activated. Anderson_s version of RVB theory has been applied to antiferromagnets (3) (4) (5) and superconductors (6, 7), but a definitive answer to the questions posed by Anderson regarding the RVB state is lacking (2) .
In recent years, we have reported a series of compounds 1 to 4 with largely unexplained electronic structures and properties (8) (9) (10) (11) , which have large intermolecular separations in their lattices, Curie susceptibility, and conductivities that are higher than those of other neutral organic solids. We now describe a compound 5 that shares many of these characteristics but exhibits features that we can best rationalize under the RVB rubric (Scheme 1).
We synthesized the phenalenyl ligand by a previously reported method (11 with a medium porosity frit (8) . Radical 5 crystallizes in a simple and closely packed monoclinic unit cell ( Fig. 1) containing two molecules within the P2/n space group. The asymmetric unit is half of the molecule and is almost planar; the molecule is located on a twofold rotational axis parallel to the y axis, and the phenalenyl rings are parallel in the x and z directions (Fig. 1) .
The pattern of overlap shown in Fig. 1A leads to a spiro-conjugated chain along the E1 0 1^direction, and within this chain the CIC distances between repeating p-dimers are in the range 3.282 to 3.361 ) (Fig. 1B) . Thus, all of the interradical distances are shorter than the sum of the van der Waals radii (3.4 )) at the spin-bearing carbon atoms along this chain. The molecules are almost perfectly superimposed at the spin-bearing carbon positions, so the overlap between molecules is very effective (see the band structure discussion below) (13) (14) (15) (16) (17) , and the interplanar separation between the molecules is 3.28 ). The packing in the y direction is quite different from the packing in the x and z directions; the molecules form a stack along the y axis (Fig. 1C) . Each of the phenalenyl rings interacts with the neighboring chain through a pair of spinbearing carbon atoms (separated by 3.386 )), in a similar manner to the p-step structure seen in 4 ( Fig. 1D) (11) .
Single-crystal resistivity measurements were made along the needle axis down to 20 K. The measured room-temperature conductivity (s RT ) was 0.3 S/cm, compared with s RT 0 1.4 Â 10 j3 S/cm for compound 4. The conductivity shows a semiconducting temperature dependence with a small activation energy (transport energy gap D) D of 54 meV (Fig. 2) . The static paramagnetic susceptibility (c p ) of crystalline 5 shows temperatureindependent behavior in the range from 50 to 333 K, and the value of c p 0 5.0 Â 10 j4 electromagnetic units (emu) mol j1 is consistent with Pauli paramagnetism (Fig. 2) ; its magnitude is typical of the values obtained for other molecular metals and superconductors (18, 19) and suggests metallic character. The Curie tail observed below 50 K corresponds to the presence of residual paramagnetic centers (defects) at a concentration of 0.5% in the crystal lattice, typical of other materials in this series (11) . The room temperature electron paramagnetic resonance spectrum of 5 shows a single line centered at gyromagnetic g 0 2.0029, close to the free electron value of 2.0023.
Transmission spectroscopy of a single crystal of 5 shows an optical energy gap E g (optical) of 0.34 eV. The spectrum remains opaque past 10,000 cm j1 because of very strong bandlike excitations that extend throughout this region of the spectrum (Fig.   3A) ; for an intrinsic semiconductor, E g (optical) is related to the transport energy gap (D) by the relationship E g (optical) 0 2D (0.11 eV). The solution near-infrared spectrum of 5 (Fig. 3B) shows a feature at 0.54 eV, and there are clear differences between the spectra in the solid and solution states of this compound. The solution-phase absorption arises from an excitation from the singly occupied molecular orbital (SOMO) to the lowest unoccupied molecular orbital (LUMO). This pair of orbitals (SOMO and LUMO) results from the spiro-interaction between the symmetrical and antisymmetrical combinations of the 1,9-disubstituted-phenalenyl nonbonded molecular orbitals (20) . The difference in the absorption features in the solid and solution states suggests that the absorption spectrum of the solution state is due to molecular transitions, whereas the association of the molecules in the crystal lattice strongly modifies the electronic structure governing these excitations. Figure 3C shows the results obtained from extended H[ckel theory (EHT) band structure and density of state (DOS) calculations carried out on the lattice found in the x-ray crystal structure of 5. The four bands shown in Fig.  3C are derived from the two LUMOs of the cation, for each of the two molecules of 5 in the unit cell. Basically, these consist of the symmetric and antisymmetric combinations of the 1,9-disubstituted phenalenyl LUMO (20) ; alternatively, they can be viewed as arising from the nonbonding molecular orbitals of each of the four phenalenyl units in the unit cell. In this picture, these four orbitals now accommodate a total of two electrons, leading to a quarter-filled band complex and a finite DOS at the Fermi level (a metallic character). There are substantial band dispersions along the principal directions in reciprocal space in 5 (Fig. 3C ) and even greater dispersions along Fig. 1. (A There is a clear structural difference between radical 4 (one-dimensional) and radical 5 (three-dimensional) that is captured by the EHT band structure calculations; however, the common feature between the two compounds is the large bandwidth of È0.5 eV and the metallic ground state that is to be expected from their highly symmetric, periodic structures. The high-symmetry structures found for these two compounds contrast with the Peierls distorted structures characteristic of charge density wave states. Based on Pauli paramagnetism, it is possible to estimate a DOS at the Fermi level of N(E f ) 0 15.5 states per eV per mol -1 , that may be compared to the value from the EHT calculations, N(E f ) 0 8.0 states per eV per mol -1 . The enhanced susceptibility implied by N(E f ) is characteristic of other organic metals and superconductors and is usually attributed to strong electron-electron correlations (18) .
In order to rationalize these contradictory properties, we turn to the RVB theory. In his original paper, Pauling (1, p. 1019) argued that For example, in lithium each atom has one valence electron, permitting the formation of an electron-pair bond for each pair of atoms. These bonds resonate among alternative positions, mainly the eight positions between each atom and its eight nearest ligands. If each atom were required to remain neutral by retaining its valence electron, the stabilization through the permitted synchronized bond resonance EFig. 4A^, analogous to that in the benzene molecule, would be relatively small. Much greater stabilization results from unsynchronized resonance such as EFig. 4B^, involving the use of an additional orbital on the atom receiving an extra bond. The electronic conductivity and other characteristic properties of metals may be described in terms of the transfer of the positive and negative charges from atom to atom accompanying the resonance of the valence bonds.
Referring to the resonance structures in A representation of the spiro-conjugated one-dimensional chain in 5 initially shows the resonance of the unpaired electron between each phenalenyl unit in the molecules (Fig. 5A ) (20) . However, the intermolecular distances are within the van der Waals radii of carbon, and it is therefore appropriate to couple the spins into electron pair bonds (Fig. 5B) . Such p-dimers are often diamagnetic (13) . Compounds 1 and 2 also exist as p-dimers and adopt the electronic structure in Fig. 5C in different temperature regimes, as shown by the existence of their high-temperature paramagnetic, transparent, and low-electrical conductivity states (Fig. 5C, right) and their low-temperature diamagnetic, opaque, and high-electrical conductivity states (Fig. 5C, left) (9, 10) .
The most characteristic feature of the RVB ground state is a symmetrical structure stabi- lized by resonance, such as occurs in benzene. The structures shown in Fig. 5B would normally be found in charge density wave ground states, but instead they are equally contributing resonance structures. Particularly in one dimension, the energy of delocalized systems is usually lowered by distortions. We recently reported the preparation and solidstate characterization of radical 4, although we were unable to rationalize its electronic structure and properties (11) . Compound 4 crystallizes as a highly one-dimensional but uniformly spaced p-step structure, and the magnetism may be fit to the antiferromagnetic Heisenberg S 0 1 2 linear chain model (Fig. 5D) . Despite its relatively large bandwidth, the absence of a superlattice, and its uniform stacking, compound 4 has s RT of 1.4 Â 10 j3 S/cm, and the electronic structure of this compound is best rationalized by the one-dimensional RVB ground state (Fig. 5E) . The primary mode of interaction in 5 consists of a linear chain of almost perfectly superimposed p-dimers, in which all of the spin-bearing carbon atoms are in registry. The structure of 4 places neighboring molecules in the stack such that they can only interact through the overlap of one pair of active (spin-bearing) carbon atoms per phenalenyl unit, leading to the p-step structure in which the remaining four active carbon atoms per phenalenyl unit do not interact with their nearest neighbor molecules. In fact, a form of the p-step mode of interaction is also present in 5 (Fig. 1D) and gives rise to the three-dimensional electronic structure of this compound. Nevertheless, in common with lithium (Fig. 4A) , in which a number of different interatom electron-pair bonds are possible, compounds 4 and 5 both allow resonance among many pairs of intermolecular (carbon-carbon) bonds.
The structure and properties of compounds 4 and 5 allow us to answer the questions posed by Anderson (2) . The RVB ground state exists in one (4) and three (5) dimensions; it is stabilized by resonance and prefers a highsymmetry structure; it conducts electricity but is not a metal; and the excitation spectrum is complex: In the case of 5, the (band) structure, magnetic susceptibility, conductivity, and electronic spectrum imply different energy gaps (0, 0, 0.11, and 0.34 eV, respectively). A warming signal has penetrated into the world's oceans over the past 40 years. The signal is complex, with a vertical structure that varies widely by ocean; it cannot be explained by natural internal climate variability or solar and volcanic forcing, but is well simulated by two anthropogenically forced climate models. We conclude that it is of human origin, a conclusion robust to observational sampling and model differences. Changes in advection combine with surface forcing to give the overall warming pattern. The implications of this study suggest that society needs to seriously consider model predictions of future climate change.
Penetration of Human-Induced
Wide-ranging evidence shows that Earth has been warming in recent decades (1) . Observations show that È84% of the total heating of the Earth system (oceans, atmosphere, continents, and cryosphere) over the last 40 years has gone into warming the oceans (2). Therefore, if one wishes to understand and explain this warming, the oceans are clearly the place to look.
There have been only a few studies that have tried to both detect (i.e., differentiate from expected natural variability) and attribute (i.e., ascribe a cause to) the observed ocean warming signal (3) (4) (5) (6) (7) (8) . All used the equivalent of a single ocean-basin temperature measure and tracked its change with time. This approach neglects information on how the warming penetrates vertically into the ocean, and variations of the penetration from basin to basin. The studies all suggest human impacts on the oceans, but some did not consider the possibility that the observed warming was due to natural external forcing such as solar variability or volcanic activity.
Here we investigate the warming since 1960 on an ocean-by-ocean basis and focus on how the signal penetrates down into the ocean. We use a recently upgraded and much expanded observed ocean data set (2) , which provides the best available description of the ocean_s warming signal and its evolution through time. In addition to examining these observational data, we compare them to simulations from two independent climate models, the Parallel Climate Model (PCM) (9) and the Hadley Centre model (HadCM3) (10). We then use the results of numerical experiments with these models to attribute the causes of the observed warming. The models allow gross heat budgets to be constructed by basin; these show that changes in net surface heat flux combine with advection at depth to give the observed signal.
We first define a model-based Bfingerprint[ describing the warming signal at each vertical level using the geographical and temporal variability of ocean temperature (11) . The observations, projected onto this fingerprint at each level, show that the strength of the warming signal varies from ocean to ocean (11) (Fig. 1) . The warming extends to depths of 
